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FMRI CORRELATES IN AUTISM SPECTRUM DISORDER POPULATIONS: 
EVIDENCE FOR INTOLERANCE OF UNCERTAINTY 
YUE DONG 
ABSTRACT 
 Recent estimates of prevalence of Autism Spectrum Disorders (ASD) in the 
United States exceeds 1.4%. Identifying neural correlates can provide important insight 
to help refine diagnosis, treatment, and understanding of ASD. A review of fMRI studies 
revealed activity and connectivity differences among brains of individuals with ASD 
compared to those without. Certain regions appear to activate differently based on task. 
In facial processing, hyperactivity of the prefrontal cortex, anterior cingulate cortex, and 
insula is seen compared to controls, however the prefrontal cortex of individuals with 
ASD demonstrates hypoactivity in language processing and inhibition tasks. Studies on 
functional connectivity revealed both hypoconnectivity and hyperconnectivity of several 
brain regions. 
Intolerance of uncertainty (IU) describes a disposition toward incapacity for 
enduring that which is unknown or unpredictable. IU has been tied to restricted and 
repetitive behaviors seen in ASD. A review of fMRI studies on neural correlates of IU 
revealed hyperactivity of the insula with hypoactivity of the anterior cingulate cortex and 
prefrontal cortex.  
Through independently reviewing fMRI correlates of ASD and IU, it is revealed 
that the two share some patterns of altered activity and connectivity. It is thus proposed 
that IU can be an important conceptual framework for understanding ASD.  
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INTRODUCTION 
 
 Autism spectrum disorders describe a group of neuropsychiatric conditions 
characterized by impairments in social interaction and communication, and marked with 
tendencies for restricted and repetitive patterns of behavior (1). Recent estimates suggest 
a prevalence rate around 1 in 69 children at 8 years of age in America, with a ratio of 4:1 
in boys compared to girls (2). Multiple prenatal, perinatal, and neonatal risk factors for 
ASD have been identified, including parental age, maternal dietary and lifestyle, and 
environmental interactions (3). As one of the leading conditions that can affect children 
under the age of five, ASD significantly lowers quality of life from infancy through 
adulthood (4) and presents an estimated financial burden in the United States of $250 
billion per year (5).  
Diagnosis of ASD depends on identification of behavioral symptoms using 
standardized assessment tools based on the Diagnostic and Statistical Manual of Mental 
Disorders (DSM-5), which notes a range of severity. Additional symptoms to social 
interaction and communication impairments and tendencies for ritualistic behavior may 
include intellectual disability, attention deficits, sensory sensitivities and/or perceptual 
difficulties. Social deficits are observed in three core categories: social-emotional 
reciprocity, nonverbal communicative behaviors for social interaction, and developing, 
maintaining, and understanding relationships and adjusting to social contexts (6). 
Example specifiers can be seen in Table 1.  
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Table 1. Partial categories of specifiers for consideration in ASD diagnosis. A 
preliminary expanded (but non-exhaustive) list of specifiers toward the identification of 
subgroups created by Lai et al. (7) 
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Table 1 Continued 
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Although ASD is categorized as a neurodevelopmental disorder, the associated 
underlying neural changes are not fully known. To create an effective model for 
understanding ASD, it would be useful to identify how the brains of individuals with 
ASD differ from those of individuals without ASD, and how these difference manifest 
into the observed symptoms. Furthermore, current treatment options require intensive 
behavioral therapies that are more effective when begun at earlier ages in development 
and are personalized to each individual (8). With an understanding of pathophysiology 
and identification of specific neural differences, current interventions can be refined to 
target changes seen in individuals with ASD.  
Research toward a coherent and cohesive model for ASD has increased 
dramatically in the time since autism evolved into its own diagnosis in the DSM. 
Investigations in anatomy, cellular biology, genetics, and brain imaging have shed some 
light on ASD. Grossly, there is evidence for early brain overgrowth in ASD babies 
quantified by head circumference (9). Studies on mitochondrial health in ASD 
individuals suggest that dysfunction may be an important factor for consideration, 
although its exact role is unclear (10). In recent years, researchers have found evidence 
for the existence of associated common genetic variants and rare de novo variants. These 
findings provide promise toward genetically targeted therapy for ASD and personalized 
medicine (11). Further research continues to examine the interplay between genetics and 
environmental interactions, as well as how genetic variance produces the many 
neurodevelopmental and behavioral consequences seen in ASD. In the absence of known 
mechanisms causing ASD symptoms, studies using neuroimaging have also attempted to 
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produce neural correlates that may contribute to our understanding of brain function and 
connection in ASD populations, as well as to general understanding of neuroplasticity 
and social communication (12).   
 
Neural Structure and Function in ASD 
  
Following current best practices, ASD diagnosis depends on clinical identification 
of characteristic behaviors through observation and parent-report according to DSM 
criteria. These diagnoses may be made with the help of tools such as the Autism 
Diagnostic Interview-Revised and the Autism Diagnostic Observation Schedule. 
Elucidating the neural differences in ASD brains can better our understanding of how and 
why behavioral symptoms manifest, or how we can target treatments for symptoms to 
each individual. Research in neuroimaging studies of ASD is briefly surveyed in the two 
categories of ‘structure’ and ‘function’ below.  
 
Structural Differences 
Research on structural differences in ASD brains has largely employed voxel-
based morphometry (VBM) to quantitatively assess grey matter and white matter 
densities through statistical voxel-by-voxel comparisons of a whole brain. Some regions 
of interest for density reduction in brains of individuals with ASD include the 
frontostriatal pathways, left putamen, and medial prefrontal cortex, while regions of 
interest for density increases include the lateral PFC (13). However, findings come from 
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small sample sizes and heterogenous age groups, thus not providing a consensus on 
region(s) associated with alteration in ASD (14).  
Earlier studies in brain volumes of individuals with ASD suggested significant 
reductions in the corpus callosum, but later research did not find this association when 
surveying a larger sample (15). Some studies have reported increased volumes of the 
frontal cortex, amygdala, cerebellum, hippocampus, anterior cingulate cortex (ACC), and 
posterior cingulate cortex (PCC) in ASD, while other studies have found no significant 
differences or even decreased volumes (16). Meta-analysis points toward a likelihood that 
some specific white and grey matter regions of the brain are reduced in individuals with 
ASD, but reviewers emphasize that brain volume must be assessed in the presence of 
rigorous statistical approaches and with consideration of age of study subjects, structural 
volume models do not provide reliable predictors for ASD (16).  Finally, one of the most 
consistent findings in ASD brains is early overgrowth found in young children (18). 
However, as brain overgrowth is not ASD-specific, this finding may not be an effective 
neural difference to study ASD. 
Research into structural connectivity in brains of individuals with ASD has used 
diffusion tensor imaging (DTI) to examined fractional anisotropy and mean diffusivity. 
Across tractography, voxel-wise analysis, and tract-based spatial statistics, ASD is 
associated with reduced fractional anisotropy, which corresponds to loss in white matter 
microstructural integrity (19). Several groups have also found increased mean diffusivity, 
although in varying regions including the arcuate fasciculus, uncinate fasciculus, and 
inferior longitudinal and fronto-occipital fasciculi (16).   
 7 
 
Functional Differences 
Examinations of brain function using functional magnetic resonance imaging 
(fMRI) studies of brain activity and connectivity have produced some heterogeneity as 
well. It is of note that fMRI studies can evaluate subjects in resting state or during 
specific tasks to elicit behavioral differences between populations with and without ASD. 
These tasks may relate to social cognition or interaction, language, or restricted and 
repetitive behavior patterns. Task-based studies demonstrate some evidence for both 
hyper- and hypo- activity and connectivity in the brain, with a broad range of regions that 
deviate in activation across studies including the prefrontal cortex (PFC), superior 
temporal gyrus, fusiform gyrus, amygdala, anterior cingulate cortex, bilateral occipital 
cortex, frontal gyri, posterior cingulate cortex, insula, and thalamus (20,21). 
The default mode network (DMN) and salience network (SN) have both been 
implicated in ASD. The DMN is a group of brain regions with greater activity at ‘rest’ 
than during goal-directed behaviors. This reduced baseline activity of the ventromedial 
prefrontal cortex and posterior cingulate cortex is associated with representations of the 
self, social projection, and ‘theory of mind’, whereby individuals can envision mental 
states of themselves and others (22–24). The SN is a group of regions more active when 
attending to salient information and includes the insular cortex and anterior cingulate 
cortex (25,26). In resting state studies, both networks have been found to have abnormal 
connectivity, with some groups finding increased functional connectivity, while others 
found lowered functional connectivity (12,15,27–29).  
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The present paper will focus on examining the significant body of work on 
functional neural correlates in ASD that has already been undertaken and continues to be 
undertaken in order to arrive at cohesive and conclusive structures and patterns of activity 
and connectivity seen in brains of individuals with ASD. Identifying the processes and 
circuitry affected may provide insight into ASD that refines practices in diagnosis and 
targeted treatment. With this in mind, this paper will focus on fMRI studies of ASD and 
what can be presently gleaned from the literature. 
 
Intolerance of Uncertainty (IU) 
  
IU has newly been discussed in relation to anxiety-related symptoms in ASD, and 
further proposed for use as a broad framework for ASD. IU could be an important 
concept in examining and achieving a better understanding of ASD. The reasoning for 
connecting intolerance of uncertainty with ASD will now be presented.  
One of the standard characteristics seen in ASD is a tendency for restricted and 
repetitive behavior (RRB), and unusual responses in sensory perception (1). These 
behaviors are tied to an insistence on sameness, and may manifest as repetitive behaviors 
themselves, or in the form of negative reactions to unexpected events. One way to 
interpret these RRBs and the adherence of individuals with ASD to ritual and routine is to 
consider them as intolerant to uncertainty (30,31). Intolerance of uncertainty has been 
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used in the generalized anxiety disorder literature to describe a dispositional incapacity to 
handle situations marked by the unknown, where the current or future is processed with 
perceived ambiguity or unpredictability, and is marked by an aversive response (32).  
It may be said that perception of certainty can be enforced through the ritual and 
routine insisted upon by individuals with ASD, whereas the development of negative 
reactions to unexpected events is an aversive response to unpredictable or unknown 
situations, and an intolerance to change. RBBs themselves could be developed as a 
response to create certainty in a world of uncertainty, with repetitive behaviors being 
predictable while an environment or situation may not be. Indeed, children with ASD and 
higher levels of anxiety perform more repetitive behaviors than those with lower levels of 
anxiety, suggesting that restricted and repetitive behaviors counteract a sense of aversion 
(31). Furthermore, through analysis of data from caregiver reports, IU has been found to 
be positively correlated with RRBs and anxiety in children with ASD (33).   
The relationship between IU and ASD may well extend beyond RBBs. IU as a 
driving force in individuals with ASD has also been suggested to explain deficits in 
executive function and theory of mind. In a model proposed in 2015, Van de Cruys et al. 
suggest that the brains of individuals with ASD are able to function and learn in 
predictable, unambiguous situations. Their model indicates that deficits in social 
interaction follows from the complexity and unpredictability of social scenarios and 
problems. Perhaps an intolerance of uncertainty promotes fixation on predictable cues, as 
seen when individuals with ASD spend more time fixating on background of images than 
faces compared to controls in eye-tracking experiments (34). The background and 
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environment may undergo less change and generate less unpredictability than facial 
expressions. Furthermore, Van de Cruys suggest that a focus on computational 
predictability (expecting certainty) and avoidance of ambiguity (reducing uncertainty) 
can also elicit deficits in perception, attention, and cognitive flexibility that are seen in 
ASD, for example, ambiguity without parameters for cueing attention, and uncertainty 
associated with change (35). If this is the case, IU offers a wide-ranging context for ASD 
symptoms.  
 Intolerance of uncertainty could therefore be useful in informing a neural basis for 
understanding ASD, with the clear benefit of bringing together a variety of behavioral 
and neural differences. Current attempts to identify neural correlates of ASD have 
generated numerous independent regions and functions of interest tied to individual 
symptoms and deficits. In comparison, examining those symptoms under the framework 
of uncertainty intolerance allows a more unified means of consideration, and may 
contribute insight into how these functional brain correlates tie into ASD symptoms.  
Recent efforts have also been made to identify neural correlates of IU, however its 
identification typically depends upon self-report methods using a 27-question assessment, 
known as the Intolerance of Uncertainty Survey (IUS). In order to evaluate IU as a state 
rather than a disposition, some task-based paradigms have been developed. One such 
example is the Beads Task, which informs participants of jars with different colored 
beads present in different but known proportions. Participants then ‘draw’ beads out of a 
test jar that contains beads with one of the known color proportions. They are then asked 
to identify which jar proportion they are drawing from. Variation in level of uncertainty 
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can come from differences in proportions. For example, jars that generate low levels of 
uncertainty would have highly different proportions of each color, for example, 80% blue 
and 20% red in one jar, while the other jar contains 20% blue and 80% red beads. Greater 
uncertainty would come from a situation where the jars were mixed at 60:40 and 40:60 
ratios. Even greater uncertainty can arise when jars contain beads of three colors at 
similar ratios. To create a sense of intolerance and aversion to this uncertainty, especially 
in populations that are not regularly disposed to IU, punishment can be added to incorrect 
jar identification (36,37). Combined with IUS scores, performing tasks such as the one 
described during fMRI scanning can contribute to understanding the patterns of brain 
activity and connectivity associated with IU.  
 Ultimately, it is possible that in examining the neural correlates of IU and ASD, 
we can uncover some insights regarding the link between brain and behavioral 
observations.  
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Objectives 
 
 The first goal of this paper is to survey the literature on fMRI correlates seen in 
ASD populations, focusing on brain activity and connectivity. Points of consensus and 
disparities in methodologies and findings will be discussed, and implications of these 
correlates in ASD will be examined. The second goal of this paper is to examine 
developing research on neural correlates of uncertainty, particularly with regards to 
decision making. Since intolerance of uncertainty is often seen in individuals with ASD, 
the final and key goal of this paper is to evaluate the relationship between intolerance of 
uncertainty and ASD.  
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NEURAL CORRELATES OF ASD 
  
Task-Based Brain Activity  
 
With the emergence of fMRI as a means to evaluate brain activity through blood 
oxygen level-dependent contrast, clinical researchers have been able to compare brain 
activity of individuals with ASD to that of individuals without ASD. Early assessments of 
brain activity were task-dependent. Although tasks of visual and motor processing have 
also been employed, here the focus is on tests requiring subjects to engage in behaviors 
directly involved in ASD diagnosis. These tasks have been grouped into 1) face 
processing, 2) language processing, and 3) executive function (specifically response 
inhibition) as they pertain to deficits in social interaction, communication, and restricted 
and repetitive behavior.  
Around the same time that researchers of ASD were conducting fMRI studies on 
brain activity in individuals with atypical social behavior, the field of social neuroscience 
was similarly engaged in a search to find neural correlates for social regions or networks 
in the brain. Studies on neurodevelopment, evaluation of social stimuli, and processes 
contributing to social behavior have identified several regions that are now considered 
part of the social brain. fMRI has been used to identify regions of social perception and 
evaluation, including the amygdala, orbitofrontal cortex, ventral striatum, anterior 
cingulate cortex, insula, and ventromedial prefrontal cortex (38–40). We will see that 
many of these regions also bear importance in face processing, language processing, and 
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response inhibition in individuals with ASD, and later, that there are shared regions of 
interest with intolerance of uncertainty. 
 
Face Processing Tasks 
 Eliciting social cognition to subjects in a controlled environment while subjects 
undergo fMRI scans is experimentally challenging. Multiple groups working on 
neuroimaging and ASD have employed basic face-processing tasks that require 
examination of facial expressions as a tool to simulate social cognition. In an early study 
conducted by Baron-Cohen et al., six subjects with ASD were age, intelligence quotient, 
and socioeconomic and educational background-matched to twelve subjects without ASD 
and asked to first designate photographs of eyes as belonging to a man or a woman, and 
then to select the mental state (e.g. sympathetic or unsympathetic) that described the 
target out of two presented options. They found that when subjects performed this social 
evaluation task, individuals with ASD had significantly lower activation in the left 
amygdala, right insula, and left inferior frontal gyrus. The same individuals, however, 
exhibited hyperactivation in bilateral superior temporal gyri (STG) compared to controls 
(41).   
 Schultz et al. conducted a perceptual discrimination task-based fMRI study where 
ASD and control subjects indicated if side-by-side images of faces, objects, or patterns in 
different framing were the same or different. They found hypoactivation of the right 
fusiform gyrus and hyperactivation of the right inferior temporal gyri relative to the 
control group during successful face processing (42). 
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Other studies using facial expression or emotion identification tasks have found 
hypoactivation in ASD relative to control in the following areas: fusiform gyrus (FG), 
prefrontal cortex (PFC), middle frontal gyrus, inferior occipital gyrus, insula, inferior 
frontal cortex, inferior temporal gyrus, and the amygdala (43–49).  
Meta-analyses and reviews suggest converging evidence for specific brain regions 
with aberrant activity in ASD brains compared to non-ASD ones (29,50,51). Of note, the 
fusiform gyrus, which is strongly activated in individuals without ASD when processing 
images of faces and generally associated with face processing, has been previously 
hypothesized to be a region of reduced activation in ASD causing impairments in facial 
processing. However, the literature indicates that compared to controls, this region is 
either active although reduced, or not significantly different in ASD populations. Thus, 
the presence of activation in this area has been theorized by researches  to indicate that 
ASD individuals can use this region for object and feature-level processing, and in the 
context of significant hypoactivation in other regions of the brain, suggest that social 
deficits arise from alterations in those regions (42,46,47,49). Specifically, the inferior 
frontal gyrus associated with the mirror neuron system, prefrontal cortex, superior 
temporal gyri and sulci, the amygdala, anterior cingulate cortex, and insula repeatedly 
appear to be regions of altered brain activation in individuals with ASD while performing 
facial processing tasks compared to individuals without ASD performing the same tasks  
(29,50,51).  These regions must therefore be important considerations for understanding 
ASD. 
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Language Processing Tasks 
 Deficits in social communication are a key observation in ASD and have spawned 
investigations into neural correlates in the context of language processing. In 2004, 
Gervais et al. published a study on brain activation of five male subjects with ASD and 
eight age-matched control subjects, who were scanned while listening to speech and non-
speech vocal sounds from a wide variety of environmental sources. Behavioral results 
demonstrated that while recall of non-speech sounds was similar across groups, the ASD 
group recalled significantly fewer speech sounds. fMRI data revealed a significantly 
reduced activation in the superior temporal sulcus (STS) of ASD populations compared 
to controls in response to speech sounds. Further, while the control group demonstrated 
greater STS activity in response to speech sounds compared to non-speech sounds, such a 
speech-induced increase in activation was not observed within individuals with ASD 
(52).  
 Investigations into semantic language processing, using tasks of word 
categorization and semantic mediation of visual stimuli, have demonstrated a marked 
hypoactivation of Broca’s area/inferior frontal gyrus in brains of ASD individuals 
compared to controls, with hyperactivation in regions of occipital and parietal cortex 
more commonly associated with visual processing (53–55). A study by Wang et al. in 
2007 additionally discovered reduced activation in brains of children with ASD in medial 
prefrontal cortex (mPFC) and again the STG. In the same study, a greater  hypoactivity in 
the mPFC was correlated with a greater severity in social impairment (56). 
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 Another notable finding in fMRI studies of language processing by individuals 
with ASD is a difference in laterality from non-ASD brains. This observation has been 
seen in multiple studies where subjects were asked to process language in a variety of 
paradigms including: reading and responding to questions, listening to speech and non-
speech stimuli while sleeping, and generating word lists based on letter or category. 
Across the studies, which controlled for handedness, subjects with ASD were found to 
have greater activity in the right brain, specifically the right inferior frontal gyrus and 
right superior temporal gyrus compared to controls. In non-ASD brains, the 
corresponding left regions are considered the left lateralized language processing regions, 
Broca’s and Wernicke’s areas respectively (57–61).   
 
Executive Function Tasks 
 Individuals with ASD often tend to struggle with executive function and adhere to 
restricted and repetitive behaviors. Multiple studies have indicated impaired performance 
by individuals with ASD on Tower of Hanoi tasks requiring planning, Wisconsin Card 
Switching Tasks requiring mental flexibility, and go/no-go and Stroop tasks requiring 
response inhibition (62). Neuroimaging studies have largely focused on tasks requiring 
inhibition. In an early study on neural correlates of executive function in ASD, Kana et 
al. introduced twelve high-functioning individuals with ASD matched with twelve 
control subjects to a response inhibition task. Participants were asked to press a button for 
letters displayed one at a time except for those meeting specific criteria. The researchers 
published their findings in a report in 2007 that indicated reduced activation for the ASD 
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group in regions of the anterior cingulate cortex and increased activation for the ASD 
group in bilateral premotor regions during inhibition response (63).  
More recent studies have found similar patterns of reduced activation. In a study 
on target detection, fMRI scanning revealed reduced brain activation in frontal, striatal, 
and parietal regions of ASD subjects compared with control subjects. Severity of RRBs 
negatively correlated with ACC and posterior parietal activation (64). These findings of 
reduced ACC activation in relation to repetitive behaviors in ASD are consistent in trials 
that assess response monitoring, target monitoring, go/no-go, and saccadic inhibition, 
with medial prefrontal cortex being another primary region of altered activity (65–68).  
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Table 2. Summary of regions repeatedly demonstrating altered brain activity in 
individuals with ASD as observed through fMRI scans during tasks. 
Task Type Altered Activity in 
ASD Group 
Compared to Controls 
Associated Brain Regions 
Face Processing Hypoactivity Inferior frontal gyrus (45) 
Prefrontal cortex (41,46,47) 
Amygdala (41,43,45–48) 
Anterior Cingulate Cortex (48) 
Insula (50) 
 Hyperactivity Inferior temporal gyri (42,45) 
Superior temporal gyri (41,45,48) 
Language Processing Hypoactivity Superior temporal sulcus (52,54–56,59,61) 
Medial prefrontal cortex (56,59,60) 
 Hyperactivity Right inferior frontal gyrus (53–55,61) 
Right superior temporal gyrus (52,54–
56,59,61) 
Response Inhibition Hypoactivity Anterior cingulate cortex (63–65,68) 
Medial prefrontal cortex (67) 
 Hyperactivity Motor cortex (63,68) 
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While the similarities in regions of brain activity can give some confirmation that 
these regions are involved in execution of one group of tasks, the summary of findings 
presents us with a challenging problem. A review of the associated brain regions with 
aberrant activity in ASD populations based on the various tasks presents us a wide range 
of areas of interest. Among this collection of brain structures, the prefrontal cortex and 
anterior cingulate cortex seem common regions of brain hypoactivity in ASD populations 
when performing both facial processing and executive function tasks. In addition to the 
large number of regions implicated, some regions correlated with increased activation in 
one task may demonstrate decreased activation in another task. Hypoactivity of the 
regions of the inferior frontal gyrus associated with the mirror neuron system was seen in 
facial processing, but hyperactivity was identified in language regions of the inferior 
frontal gyrus in tests on language processing (specifically in the right hemisphere).  
It seems clear that on a task-based level, patterns of abnormal brain activation are 
consistently seen in ASD populations compared to non-ASD populations. Unfortunately, 
if there are individual regions exhibiting both hypo- and hyper-activity, then such a 
neural correlate remains entirely task-dependent. That being said, the utility of finding 
activity correlates of ASD remain. In one study that collected fMRI data prior to 
treatment, researchers found that activation patterns were predictive of changes to ASD 
symptom severity after pivotal response treatment. They found that individuals with 
greater activity in regions including the STS, FG, and superior parietal lobule, 
orbitofrontal cortex, putamen, and ventral striatum prior to therapy experienced a greater 
reduction in severity after behavioral treatment (69). These findings emphasize that 
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identifying neuroimaging correlates for ASD can contribute toward personalizing 
treatment to each individual, allowing targeting and refinement of existing therapies for 
best results. 
One important note is that in many of the fMRI studies, ASD subjects performed 
at comparable levels to control subjects but still demonstrated differences in brain 
activity. As many of the hypoactivation findings occur concurrently with hyperactivation 
findings, it has been theorized that ASD brains have developed compensatory 
mechanisms or engage brain regions differently. Individuals with ASD may not have the 
same associated patterns of activation as individuals without ASD in key regions 
traditionally considered part of the brain’s social network such as the FG, STS, and ACC, 
but hyperactivation of other regions that are not part of the social network such as the 
STG, right hemisphere regions corresponding to left language processing, and motor 
cortex may allow these individuals to achieve similar outcomes.  
 
 
Functional Connectivity 
 Considering the findings from fMRI that hemodynamic activity correlates in ASD 
populations are disparate, it may be that there is something about the circuitry of the 
brain, patters seen broadly in brain networks, or at least across multiple regions that leads 
to the patterns of hypo- and hyperactivation seen when individuals perform specific tasks. 
 In a seminal work by Just et al., seventeen subjects with ASD and seventeen 
control participants were asked to read written sentences and then respond by left or right 
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click to a comprehension question. fMRI scanning was conducted during these 
evaluations, and not only was there increased activity found in the left STG and reduced 
Broca’s area activity that corresponds with data seen previously, the authors importantly 
noted a reduced functional connectivity between these areas and other regions of the 
brain. They went on to suggest that a hypoconnectivity of brain areas may be what 
underlies ASD, specifically that typical circuits for cognitive abilities are not as well 
connected and therefore not as well functioning in behaviors requiring integration of 
information (70). A subsequent theory was offered in the context of neurodevelopmental 
overgrowth seen in ASD babies, suggesting that local hyperactivity of synapses within 
brain regions is countered by hypoconnectivity between brain regions, creating an overall 
under-connected and under-functioning brain with a behaviorally observable lack of 
ability to integrate information from lower centers through higher processes (71). On a 
structural connectivity level, multiple studies of individuals with ASD across ages have 
found lower fractional anisotropy and higher mean diffusivity in long-range fiber tracts 
running anterior-posterior or between hemispheres (16,72,73). In infancy, increased 
fractional anisotropy is seen in babies at six months who later met criteria for ASD 
compared to those who did not. At two years of age, however, the fractional anisotropy 
values for the ASD group were in fact lower than the control group (74). These findings 
suggest that structural connectivity may be globally reduced in the brains of individuals 
with ASD and perhaps offers support to the functional hypoconnectivity theory.  
 These discoveries and proposals instigated further study into the functional 
connectivity of brains with ASD, and a dive into a network and circuits-based search for 
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brain-based correlates. Both hypo- and hyperconnectivity have been reported, with areas 
implicated in the social network, as mentioned above, of note here as well. This includes 
the PFC, ACC, PCC, STS, insula, precuneus, amygdala, fusiform gyrus, frontal gyrus, 
superior temporal gyrus, postcentral gyrus, parahippocampal gyrus, and thalamus. We 
will later see that some of these regions, particularly the PFC, ACC, insula, and 
precuneus are also of note when studying intolerance of uncertainty.  
 
Task-Based Functional Connectivity 
 If functional connectivity becomes the primary interest, the first obvious and 
simple extension of task-based activity studies is to examine task-based connectivity. 
This research is important to consider in the context of previously identified brain regions 
of interest. Later, resting state connectivity will also be examined.  
a) Facial Processing Tasks 
Kleinhans et al. found significant hypoconnectivity between the left amygdala and 
posterior cingulate in ASD brains during facial identification when using seed-based 
analysis. In the same task, they also found hyperconnectivity for ASD brains between the 
fusiform gyrus and both the amygdala and superior temporal sulcus (59). These results 
seemed to corroborate previous fMRI research in specific regional activity and also 
contributed to ongoing theories regarding hypoconnectivity and its role in ASD brains.  
To expand on the interest in the fusiform gyrus as a center for object instead of 
face processing in brains of individuals with ASD, Koshino et al. used fMRI and seed-
based analysis to evaluate eleven high functioning individuals and eleven controls during 
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a task requiring memory of faces. They report finding underconnectivity and smaller, less 
synchronized networks involving the fusiform gyrus. Specifically, the FG was less well 
connected to the frontal cortex in ASD group compared to control, although no changes 
between the groups were seen in connections to posterior cortical regions. Their research 
further implicates alterations to activity in prefrontal regions, and now also connectivity, 
as being correlated with ASD (75).  
Further investigations using social face-processing tasks examined a salience 
network, and specifically the regions of the dorsal and ventral anterior insula, which 
contribute to this network. Children were asked to identify whether face and non-face 
stimuli matched a target. In children with ASD, increased within salience network left 
and right insular interactions were seen with seed-based analysis, whereas children 
without ASD exhibited increased cross-network interactions between the anterior insula 
and right occipital cortex, bilateral pre- and post-central gyri, right superior, and middle 
temporal gyri (76).  
b) Language Processing Tasks 
One fMRI examination of connectivity related to language processing in ASD 
used a verb generation task. Nineteen participants with ASD were compared to twenty-
three control subjects and it was found that although the connectivity between classical 
language brain regions (Wernicke's and Broca's areas) was preserved in ASD brains, 
seed-based analysis revealed a marked decrease in connectivity between Broca's area and 
the dorsolateral prefrontal cortex (DLPFC), as well as the between the cerebellum and the 
DLPFC (77). A different study found that when asked to read literal and ironic texts, 
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subjects with ASD were found to have lower network coordination and recruitment of 
left hemisphere language-processing brain regions that, in the control group, exhibit 
greater activity in response to ironic texts compared to literal ones based on seed-based 
analysis (78). 
Sharda et al. investigated language communication in ASD through passive 
listening of spoken words, sung words, and piano tones. They found that in 22 ASD 
subjects, seed-based analysis of fMRI scans during spoken word stimuli revealed right 
lateralization and reduced connectivity to the inferior frontal gyrus compared to controls. 
Interestingly, this reduction in elicited inferior frontal gyrus activity was not observed 
when listening to songs, suggesting both a means of intervention and a specific neural 
correlate to social communication deficits as opposed to auditory perception (79). 
c) Executive Function Tasks 
In a study on functional connectivity by Just et al. to follow up on their initial 
proposal that hypoconnectivity may underlie ASD, the group collected fMRI scans of 
eighteen subjects with ASD and eighteen control participants completing a Tower of 
London executive function task. The group conducted seed-based analysis and found 
lower degree of functional connectivity between frontal and parietal cortex regions and 
smaller corpus callosum cross area in individuals with ASD. The size of the corpus 
callosum genu was correlated with functional connectivity of frontoparietal regions. They 
suggested their research supports the previously reported hypoconnectivity theory of 
ASD brains (80). 
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Frontoparietal underconnectivity was also seen in a response inhibition study, 
where twelve ASD subjects and twelve controls were scanned. fMRI data demonstrated 
decreased synchronization between the anterior cingulate cortex, middle cingulate gyrus, 
and insula with the right middle and inferior frontal and right inferior parietal regions 
(63). 
 
Taken together, these investigations provide some support for previously noted 
regions of interest for brain correlates in ASD. More importantly, they begin to inform us 
of how individual regional differences may be involved in ASD overall. As Just et al. 
theorized, it may be that the reduced connectivity seen in ASD brains completing these 
tasks would result in reduced integration of information. This may contribute to the 
deficits in social cognition seen behaviorally (80).  
 
Resting State Networks: Hypoconnectivity 
 In addition to task-based studies that marked a continuation of fMRI scanning for 
differences in regional activation patterns in ASD populations, the theory for differences 
in functional connectivity sparked the potential for considering neural correlates in ASD 
from brains at rest. fMRI studies of subjects at rest, that is, without conducting specific 
tasks, goals, or receiving external inputs, were found to demonstrate brain activity with 
connectivity patterns that have been replicated (81). These findings and the proposed 
default mode network (DMN) created a marked interest in examining brains in an 
environment without tasks. This permits a less involved experimental set-up, no longer 
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requiring subjects to complete tasks while undergoing fMRI scanning, although subjects 
must be monitored to track that they are at resting state and not asleep. As not all 
individuals may be able to complete the tasks used in previous studies, task-independent 
neural correlates may have more clinical utility than a task-dependent correlates for ASD 
populations.  
Cherkassky et al. were able to examine fifty-seven individuals with ASD and 57 
control subjects in one of the earliest studies to examine resting-state connectivity. Their 
seed-based analysis revealed widespread hypoconnectivity in fMRI scans of individuals 
with ASD during resting state, in support of the previously mentioned Just et al. proposal. 
In sixty-six pairwise connections, sixty-two were found to be under-connected in ASD 
group compared to control, including anterior cingulate to posterior cingulate and to 
precuneus, as well as underconnectivity between anterior and posterior medial cortex 
(82).  
 Kennedy and Courchesne scanned fifteen individuals with ASD and thirteen 
controls, finding disrupted functional organization in the default-mode, or the network 
normally supporting social, emotional, and introspective processes including medial 
prefrontal cortex, posterior cingulate and precuneus, and angular gyrus. Their seed-based 
analysis noted that other non-social connectivity networks in ASD brains did not seem to 
be altered from brains of individuals without ASD (83). 
 Other research in support of the hypoconnectivity theory found both neural 
evidence for lower connectivity and the existence of a correlation between decreased 
connectivity and ASD symptoms. For example, Assaf et al. found decreased functional 
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connectivity between the precuneus and mPFC and ACC in ASD subjects using 
independent component analysis, additionally showing that the lowered connectivity in 
ASD subjects correlated with increased social deficit severity (84). Weng et al. conducted 
seed-based analysis and found weaker connectivity in nine of eleven default mode 
network regions in sixteen ASD subjects compared to fifteen controls. They further found 
that increased severity of restricted repetitive behaviors correlated with weaker 
connectivity (85). In one study on ASD traits observed in undiagnosed adults, researchers 
using seed-based analysis found that decreased functional connectivity between the ACC 
and the anterior insula correlated with increased scores for autistic traits on the social 
responsiveness scale (SRS), which measures social and communication impairments 
characteristic of ASD (86).  
Further evidence for underconnectivity was offered by Rudie et al.’s seed-based 
analysis, finding lower connectivity of the overall default mode network in ASD subjects, 
as well as connectivity of the posterior cingulate cortex to mPFC (87). Wiggins et al.'s 
examination of thirty-nine ASD subjects to forty-one controls in a resting-state fMRI 
scan used seed-based analysis and found weaker connectivity in subjects with ASD 
between the right superior frontal gyrus and posterior superior frontal gyrus (88).  
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Figure 1. Decreased functional connectivity of left caudal ACC in ASD group 
compared to control. Figure from Zhou et al., who found significantly reduced 
functional connectivity of the left caudal ACC to the shaded right insula, postcentral 
gyrus, STG, and middle temporal gyrus in a seed-based analysis (89).   
  
 30 
Resting State Networks: Hyperconnectivity 
 Not all research pointed uniformly toward default network hypoconnectivity. 
Monk et al.'s study of intrinsic functional connectivity in twelve ASD subjects and twelve 
controls found in their seed-based analysis that there was weaker connectivity between 
the posterior cingulate cortex and superior frontal gyrus in the ASD group compared to 
control. However, they also found hyperconnectivity between the posterior cingulate 
cortex and right temporal lobe and right parahippocampal gyrus. More severe RRBs were 
actually correlated with this observed increased connectivity, in direct contrast to 
previous research (90). 
 Given the predominant theory of hypoconnectivity, Di Martino et al. found an 
even more unexpected result. Their seed-based analysis revealed consistent increased 
functional connectivity between most striatal regions and the right insula and superior 
temporal gyrus in twenty subjects with ASD compared to twenty controls. Their fMRI 
data did not suggest underconnectivity. Although they also did find a difference in 
activity patterns of ASD subjects’ brains from those of the control group, these findings 
stand in contrast to research suggesting overall hypoconnectivity in ASD resting state 
networks (91).  
 The findings of these groups were not isolated. Lynch et al. later found decreased 
connectivity in ASD subjects from the precuneus to cuneus, caudate, and thalamic nuclei 
but with increased connectivity of the posterior cingulate cortex to the temporal cortex, 
posterior parahippocampal gyrus, entorhinal cortex, and perihinal cortex. They also found 
the retrosplenial cortex to be more connected to frontal gyri, dorsomedial PFC, insula, 
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and other regions in the fMRI scans of ASD subjects using multivariate pattern 
classification (22). 
 Uddin et al. conducted dual regression independent component analysis and found 
increased functional connectivity in twenty ASD subjects compared to twenty controls 
across salience, default mode, frontotemporal, motor, and visual networks including the 
anterior cingulate cortex, insula, precuneus, superior temporal gyrus, postcentral gyrus, 
and lateral occipital cortex. Using their data, they were further able to model fMRI 
connectivity patterns and use their network maps discriminate ASD from control subjects 
with an accuracy of 78% with 75% sensitivity and 80% specificity. (25). 
 
 
Heterogenous Findings in ASD Resting State Functional Connectivity 
 
 A pressing concern arises: how do we reconcile these findings of both resting 
state hypoconnectivity and hyperconnectivity? Does evidence for over-connectedness in 
ASD brains undermine previous theories of hypoconnectivity? Does evidence for under-
connectedness in ASD brains undermine evidence for hyperconnectivity?  
 Furthermore, in many of the investigations conducted, evidence came not only 
from comparisons between ASD and non-ASD brains. Within a study, findings related to 
altered functional connectivity in the brain were correlated with key findings in 
behavioral deficit scores. While several groups found that decreased synchronization in 
the brain of ASD patients aligned with greater number and/or severity of ASD symptoms, 
other groups found that increased connectivity lined up with more severe symptoms, 
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including more severe restricted and repetitive behaviors. It is not simply a question of 
whether these patterns of connectivity exist in the ASD brain, but also how they tie to our 
understanding of ASD presentation and how it is correlated with findings in brain activity 
and connectivity. 
 Before this concern is addressed, it is pertinent also to examine possible reasons 
for the disparate findings. First, it must be emphasized that these findings of both hyper- 
and hypoconnectivity exist in the context of resting state. Thus, unlike the findings 
regarding regions of localized activity seen in the previous section, the differences are not 
attributable to task dependency, or the goals and performances of the subjects and how 
the brain is engaged during those behaviors.  
However, there are several concerns that arise when conducting resting state 
fMRI. Different studies described previously have instructed subjects to keep their eyes 
open and gaze fixed on a point or closed throughout the study, which could contribute 
different results as eye open or closed state can be differentiated in fMRI scans (92). If 
the eyes are kept in a closed state, there is another concern of whether the subject is 
awake or asleep. Previous studies have indicated that 30% of subjects do not maintain 
wakefulness for over three minutes of resting state, and brain function and connectivity is 
significantly altered between sleep stages (93). When it comes to data processing, there 
continues to be debate about whether the whole brain should be regressed and whether 
head motion should be corrected. Some researchers believe these methods improve 
specificity but others suggest they produce non-physiological correlations (94–96). 
Several researchers have suggested that head motion and respiratory activity can 
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significantly mask fMRI activation and synchronicity (96,97). When it comes to data 
analysis, most groups discussed have used seed-based analysis which finds BOLD 
correlations within regions of interest selected a priori (98). Two studies used 
independent component analysis, which requires fewer a priori assumptions, but the two 
methods have demonstrated similar results, and both are found in the ASD resting state 
functional connectivity literature (99,100). Their conceptual difference lies in that 
independent component analysis demonstrates within network connectivities, while seed-
based analysis reveals coactivation of regions within networks as well as across 
networks, thus also informing us of inter-network integration (101).  
 One of the other characteristics of the studies presented thus far is that most 
groups can only evaluate relatively small sample sizes of ASD subjects in their 
investigations. It must be appreciated that these sample cohorts could include, within 
themselves, differences in affected brain structures and methodologies for comparing 
fMRI data that could be easier to avoid in a larger neuroimaging dataset.  
 The creation of the Autism Brain Imaging Data Exchange (ABIDE) presented a 
statistically powerful massive dataset of resting state fMRI data for 539 individuals with 
autism and 573 control subjects from 17 sites. This was enormously different in scale 
from available data in previous studies. In the initial overview of this dataset when first 
published, Di Martino et al. reported finding decreases in long-range functional 
connectivity of cortico-cortical connectivity in the ASD cohort and increases in 
functional connectivity between subcortical and cortical regions from seed-based 
analyses. Specifically, they identified decreased long-range functional connectivity in the 
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bilateral superior temporal sulci, medial temporal gyri, bilateral sensorimotor cortex, 
posterior cingulate cortex, and medial prefrontal cortex. They simultaneously identified 
increased functional connectivity in the superior frontal gyrus, right supplementary motor 
area, and medial thalamus (12).  
 The influence that this dataset has had on fMRI ASD studies was to generate 
more nuanced and rigorous analyses to reconcile the differences seen in earlier 
publications that presented both hyper- and hypoconnectivity in ASD brains. Since then, 
several groups of researchers have, like the initial report on the ABIDE, identified the 
existence of both increased and decreased functional connectivity and suggested the 
deviations as being key to discriminating between ASD populations and controls. 
1) Nomi and Uddin's independent component analysis of data from the ABIDE 
for children under the age of 12 with ASD found hyperconnectivity in large 
scale brain networks and hypoconnectivity between networks compared to age 
matched children without ASD (102).  
2) Hahamy et al.'s voxel-wise examination of inter- and intrahemispheric 
functional connectivity in the ABIDE data set revealed areas of both increased 
and decreased connectivity in brains of individuals with ASD compared to 
those of controls (103). 
3) Cheng et al. analyzed 418 ASD subjects and 509 non-ASD subjects on a voxel 
basis, finding reduced functional connectivity of the middle temporal gyri and 
superior temporal sulci with the ventromedial prefrontal cortex, as well as 
increased functional connectivity with the medial thalamus (104). 
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4) Cross-sectional seed-based analysis of 106 individuals with ASD and 109 
controls by Alaerts et al. indicated reduced functional connectivity of the 
superior temporal sulci with bilateral fusiform gyrus and bilateral inferior 
parietal cortex, premotor cortex, insula, and anterior superior temporal gyrus. 
They also found increased local connectivity within the posterior STS (105). 
 With these pieces of evidence presented, it seems the likely explanation for the 
disparate findings in early functional connectivity studies in resting state fMRI scans of 
populations with ASD compared to individuals without ASD is that both hypo- and 
hyperconnectivity exist to create networks that can be associated with ASD. Given the 
abundance of findings across multiple subject cohorts, and especially in large, 
statistically powerful datasets, a global reduction in functional connectivity cannot alone 
account for differences in the ASD brain compared to the norm. Indeed, returning to the 
studies on functional activity and connectivity utilizing task-based paradigms, patterns of 
both increase and decrease were observed in ASD populations. It may be more apt to say 
that rather than ASD populations exhibiting reduced synchronicity among brain regions, 
they express a neural pattern of connectivity that deviates from the norm.  
 
 
Implications of fMRI Correlates for ASD 
 
 At the outset of this paper, it was mentioned that identifying neural correlates has 
the potential for improving ASD diagnosis and treatment. Presently we will examine 
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what the fMRI data may mean for improved diagnosis, through examination of correlates 
as biomarkers, and improved treatment, through examination of therapy outcomes.  
 
 
Biomarkers 
Many research groups have aimed toward neuroimaging biomarkers. Biomarkers 
may be substances or characteristics that can be objectively measured in order to indicate 
normal, pathologic, or therapeutic processes (106). In the context of ASD and fMRI data, 
a neuroimaging biomarker would be a neural profile that can effectively distinguish 
individuals with ASD from those without. To this end, it is likely that profiles of ASD 
brains that are task-dependent are not best use practice. It is much more feasible to 
examine resting state functional connectivity, as this can be assessed in individuals across 
ages and cognitive performance. Following the discussion on the importance of both 
hypo- and hyperconnectivity in distinguishing brains of ASD subjects from controls, any 
neuroimaging biomarker must therefore also take the two into consideration. Several 
attempts have been made to identify group differences of functional connectivity between 
individuals with ASD and individuals without ASD and use these differences as 
biomarkers. 
 One early attempt to use functional connectivity in ASD to train classifiers used 
twenty adolescent males with ASD and twenty matched controls. The leave-one-out 
classifier using ten components from a resting state fMRI study was able to discriminate 
between groups with an accuracy of 79%, climbing to 89% when classifying only 
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individuals under the age of 20 (107). As mentioned previously, Uddin et al. used their 
network maps to discriminate ASD and non-ASD subjects at almost 80% accuracy (25).  
 More recent studies tackling this challenge have developed unique models using 
various techniques to create classifiers for identifying ASD or control. These have been 
summarized in Table 3 below.  
 
Table 3. Summary of peak accuracies for ASD categorization from fMRI classifiers. 
Research 
Group Subjects Methodology 
Peak 
Accuracy Sensitivity Specificity 
Uddin et 
al.  
(25) 
Own cohort 
20 ASD 
20 Control 
Ten components from an 
independent component 
analysis of resting state 
fMRI data used to train a 
leave-one-out classifier 
78% 75% 80% 
Chen et 
al.  
(108) 
ABIDE 
126 ASD 
126 Control 
Age 6-36 
Matrix of functional 
connectivity between 
220 regions and machine 
learning 
91% 89% 93% 
Iidaka 
(109) 
ABIDE 
312 ASD 
328 Control 
Age < 20 
After computing 
correlation matrices, the 
best probabilistic neural 
network that was 
developed was used to 
classify ASD and 
control 
 
The best functional 
connectivity prediction 
matrix used for 
classification included 
both hypo- and 
hyperconnectivity, again 
supporting the existence 
90% 92% 87% 
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of both exist in the 
resting state ASD brain. 
Yahata et 
al.  
(110) 
Japanese 
cohort 
74 ASD 
107 Control 
Using a sparse number 
of abnormal functional 
connections to avoid 
over-fitting and 
interference 
85% 80% 89% 
Chanel et 
al.  
(111) 
Own cohort 
15 ASD 
14 Control 
All adults 
Generated classifiers 
using voxel-based 
instead of seed-based 
pattern analysis 
69-92% 92%-100% 69-80% 
Subbaraju 
et al.  
(112) 
ABIDE & 
PCP 
 
ASD: 
17 a.f. 
45 adol.f. 
137 a.m. 
306 adol.m. 
 
Control: 
20 a.f. 
75 adol.f. 
143 a.m. 
292 adol.m. 
Spatial filtering for 
discriminative features 
and a spatial map of 
activity differences 
95% a.f. 
86% 
adol.f. 
85% a.m. 
79% 
adol.m. 
 
  
Sadeghi 
et al. 
(113) 
Own cohort 
29 ASD 
31 Control 
Graph theory 
calculations-generated 
classifier system 
92%   
Li et al.  
(114) 
Own cohort 
82 ASD 
48 Control 
Trained deep neural 
networks classifier 85%   
Abraham 
et al.  
(115) 
ABIDE 
871 Total 
Used automatic 
pipelines to extract 
biomarkers from 
multiple sites 
67% 65% 74% 
Rane et 
al.  
(116) 
ABIDE 
539 ASD 
573 Control 
Voxel-based feature 
selection training    
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Bernas et 
al.  
(117) 
Two cohorts 
24 ASD 
30 Control 
Use of wavelet-
coherence maps to 
reveal temporal 
dynamics between 
resting-state brain 
networks 
87% 92% 83% 
ABIDE = Autism Brain Imaging Data Exchange; PCP = Preprocessed Connectomes Project; 
a.f. = adult female; a.m. = adult male; adol.f. = adolescent female; adol.m. = adolescent male 
 
The literature for resting state fMRI classifiers of ASD include multiple good 
models for correlation. In the quest for a biological marker for ASD, these results hold 
some promise, but also indicate significant limitations. First, although these groups were 
able to generate models with the ability to generally distinguish ASD and control, 
accuracy rarely exceeds 90%. The result is that these biomarkers cannot reliably compare 
to current standards, which involve clinician diagnosis through behavioral observation 
and parent-report with tools such as the Autism Diagnostic Interview-Revised and the 
Autism Diagnostic Observation Schedule. It remains possible that future work on 
methodology produces stronger classifying models that would not leave at least 10% of 
individuals undiagnosed.  
Once more, the significance of age-related differences must be emphasized, 
especially as ASD is a neurodevelopmental condition with interaction of age and disease. 
In examining fMRI studies for regional activity, functional connectivity, and classifier 
models related to ASD, the factor of age has been demonstrated to influence neural 
patterns. Reviews of MRI studies have revealed the possibility to predict ‘brain age’ and 
chronological age due to differences in structure at different stages of brain maturation 
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(118). In biomarker modelling, accuracy can significantly change based on age of cohort. 
Some classifiers are more accurate in distinguishing adolescent brains based on 
functional connectivity, while different classifiers that are more accurate in classifying 
adults. It seems evident that ASD neuroimaging biomarker research must take into 
consideration the stage of development of the individual, and that use of a global profile 
of connectivity may not be the most effective. Another important reason for attention 
toward age stems from the lack of means to diagnose infants prior to or during the 
beginning of symptom onset. Thus an objective biological neuroimaging biomarker (or 
biomarkers) to detect ASD could promote early detection and early intervention. 
Researchers must examine many demographics of individuals with ASD, at the very least 
with respect to age, if not also to sex and cognitive or behavioral function.   
It must also be noted that classifiers trend toward higher accuracy in smaller 
cohorts. Studies on larger numbers of subjects classify at accuracy less than 70%. 
However, other research using the same data set (ABIDE) but with smaller cohorts have 
reported more accurate results. This fact does not preclude the possibility of ASD 
biomarkers. Rather, it may be an indication of the importance of heterogeneity in 
functional connectivity profiles, and heterogenous approach to ASD underpinnings, 
diagnosis, and treatment. As ASD offers a heterogenous spectrum of symptoms, the 
heterogeneity of functional connectivity and neural correlates should not be entirely 
unexpected.  Evaluating those differences and how they relate to ASD behavior and 
symptoms may actually generate insights that lead to more effective, or better targeted 
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therapy. This also provides an interesting avenue for exploration of neural mechanisms 
and correlation of behavioral and neural manifestations.  
 
Toward Prognosis and Personalized Treatment 
Other than in use for diagnosis, correlates of fMRI functional connectivity with 
ASD may also have clinical value in providing insights that are specific to each 
individual.  Recently, several studies using resting state fMRI data from ASD subjects 
have revealed some ability for neural correlates to predict ASD outcomes.  
In 2015, Lombardo et al. published findings regarding a longitudinal study on a 
cohort of 103 toddlers that indicated predictive power of neural correlates to inform 
future language outcomes for individuals with ASD with 80% accuracy. Prior to 
diagnosis, the recruited subjects underwent fMRI scans while presented with three types 
of speech stimuli. After periodic assessment every six months, 24 infants were 
categorized as having ASD with high severity, 36 having ASD with low severity, 24 
without ASD, and 19 with language or developmental delay. Researchers found that in 
the infants diagnosed with ASD but with better language outcomes, fMRI profiles 
demonstrated more similarity to infants without ASD – specifically, there was an increase 
in activity in language-processing superior temporal regions in response to forward and 
backward speech. In contrast, for subjects who went onto be diagnosed with ASD and 
demonstrated poor language outcomes, their pre-diagnosis fMRI scans showed 
hypoactivity in this region. Furthermore, the differences in outcomes, while associated 
with activity in the superior temporal region, no effect was found for age (119). This 
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suggests that prior to clinical diagnosis, neural correlates can inform future prognosis. 
fMRI imaging and associated neural correlates may also allow for early identification and 
thus early intervention, such that individuals may have personalized approaches toward 
treatment. 
Plitt et al. found similar predictive power of ASD neural correlates, examining 
functional connectivity from resting-state fMRI and finding a correlation with ASD 
outcomes several years after the scan. Their study looked only at male subjects with ASD 
who met DSM-V criteria. Their 31 subjects completed assessments for social autistic trait 
scores (SRS) and adaptive functioning scores from the Adaptive Behavior Assessment 
System (ABAS) for baseline and then again two years and ten months later. They found 
that functional connectivity of the salience network (anterior insula and dorsal anterior 
cingulate) predicted future autistic traits using these measures with 100% sensitivity and 
71% precision using multivariate brain-based regression. The authors suggest that using 
resting state functional connectivity MRI data can therefore augment prediction of 
outcomes for individuals with ASD (27). 
As previously mentioned, fMRI neural correlates can also be used to predict 
treatment outcomes in individuals with ASD. Yang et al.’s study presented social stimuli 
to 20 children with ASD in the form of animations while they underwent fMRI scanning. 
After scanning, subjects received sixteen weeks of pivot response therapy, which is 
designed to increase social motivation in children with ASD. Baseline and post-treatment 
assessment of social autistic trait scores (SRS) were used as measures of symptom 
severity. The researchers found that children with greater activity in the STS, FG, and 
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superior parietal lobule, orbitofrontal cortex, putamen, and ventral striatum prior to pivot 
response therapy experienced better outcomes with 85% predictive accuracy using 
multivariate pattern analysis (69).  
Other studies in predictive power for neural correlates in ASD prognosis have 
been able to predict social functioning, language ability, and symptom change at a range 
of accuracies (120). However, there is a substantially smaller body of work into this 
usage of fMRI data in ASD compared to biomarkers. It is suggested that the predictive 
power provided by fMRI data warrant further study, especially as they may be effective 
in improving prediction accuracy of prognosis and identifying ways to refine therapies 
for individuals with ASD.  
 
 
Limitations 
 
 Insofar as the available imaging data through the ABIDE has significantly 
progressed the sample size from which insights may be drawn, there are still limitations 
on how well the subjects sampled reflect the general ASD population. These are 
presented now.  
 
Age 
 Although several studies studying fMRI in children have been mentioned thus far, 
the large majority of available data comes from adolescent or adult individuals. As ASD 
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is now accepted as a neurodevelopmental condition, key insights based on early brain 
activity and connectivity patterns may be missed without more attention to child or baby 
cohorts. Furthermore, several studies have suggested difference in brain patterns between 
adolescents and adults (17,105). This important factor must be taken account in order to 
develop more accurate understanding of brain profiles of ASD according to age and 
development.  
 
Sex 
 Another notable limitation in the existing literature is found in the proportion of 
studies that study only male subjects, or disproportionately more male than female 
subjects than the observed ASD ratio in the whole population. Although previously 
mentioned that ASD is found in boys at a ratio of 4:1 compared to girls, the 
investigations into ASD have far dwarfed this ratio, often not studying female subjects at 
all. Interestingly, one meta-analysis has suggested the actual prevalence ratio is closer to 
3:1, but girls are more often unassessed and therefore undiagnosed, suggesting an even 
greater selectivity of study samples (121). In for us to use fMRI data to better understand 
the brains of individuals with ASD, specifically to identify neural correlates in 
demographics within the ASD population that have not been studied, this sex discrepancy 
must also be addressed.  
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High-Functioning 
 As the ‘spectrum’ in autism spectrum disorders implies, the degree of severity of 
deficits, whether social or cognitive, can vary greatly. In general, fMRI scanning studies 
on ASD subjects have recruited high-functioning individuals. Although high-functioning 
individuals certainly fall along the continuum of the spectrum, restriction of the sample 
may mean the brain profiles seen are not reflective of the whole spectrum.  
 
In order to identify neural correlates of ASD, create a better understanding of 
ASD, and means to target treatments to each individual, the research must broadly 
examine the ASD population, rather than be limited to high-functioning adult males.  
 
Section Conclusions 
 
 This section presented fMRI correlates of ASD in task-based activation, task-
based connectivity, and functional connectivity during resting state. Although there 
remain improvements to be made such as in refining classification models and population 
sampling, the correlates may offer clinical utility in improving methods for ASD 
diagnosis, prognosis, and treatment.   
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NEURAL CORRELATES OF UNCERTAINTY 
 Studying uncertainty during decision-making provides a valuable understanding 
of how the brain makes choices and processes risk and reward. Here, an examination of 
healthy participants and their activity during the decision-making process can reveal 
structures and networks underlying neural mechanisms of processing uncertainty.  
 In Cohen et al.'s early study on this process, sixteen healthy participants 
underwent fMRI scanning during a gambling task. Subjects were asked to choose 
between a low-risk and high-risk decision in order to win as much money as possible. 
The authors conceptualized that the because the low-risk choice resulted in 80% chance 
of a small win, there was less uncertainty associated. On the other hand, the high-risk 
choice provided only a 40% chance of a large win, therefore generating greater 
uncertainty. The fMRI data showed significant increases in right orbitofrontal cortex, 
ACC, and right PFC activity during high-risk choices compared to low-risk decisions. 
The ACC seemed uninvolved when making low-risk decisions. In terms of connectivity, 
some increased synchronicity was seen in the high-risk decision between the ACC and 
left nucleus accumbens, medial and lateral orbitofrontal cortex, supplementary motor 
area, anterior PFC, and cerebellum (122).  
 Further investigation into the neural patterns of processing uncertainty examined 
both adults and adolescents in numbered card tasks. Krain et al. presented subjects with a 
numbered card (1-9) and asked them to predict whether a second card would have a 
higher or lower number (also 1-9, no equal value possible). Each card would thus be 
associated with different amounts of uncertainty. For example, beginning with a 1 or 9 
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would allow prediction of the second card to be a higher or lower number respectively 
with absolute certainty, whereas starting with a 5 presents an equal likelihood of the 
second card being higher or lower and therefore minimal certainty. Subjects were also 
asked to rate their level of anxiety and certainty for their responses to each card, in order 
to establish levels of intolerance to uncertainty. They found that greater uncertainty 
produced greater ACC activation for both adults and adolescents, however it was only in 
adolescents that magnitude of uncertainty correlated with magnitude of ACC activity, 
whereas ACC activity was overall higher in adults than adolescents but not varying with 
amount of uncertainty. This study provides some evidence for developmental differences 
in brain circuitry from adolescence to adulthood in decision-making and uncertainty 
processing (123). Interestingly, intolerance of uncertainty seems to decrease with age. In 
a study of 113 adults over the age of 65 and 106 university students, analysis of scores 
from completing the IUS indicated that the older cohort reported significantly less 
intolerance of uncertainty than the younger cohort (124).  
 In a study that focused more explicitly on intolerance of uncertainty rather than 
processing of uncertainty, Simmons et al. asked fourteen young adults to decide in a 
series of trials whether the majority of 32 faces presented for three seconds were angry or 
happy and male or female. These faces were grouped into four trial types: ambiguous 
affect, unambiguous affect, ambiguous gender, and unambiguous gender. Thus, images 
that presented ambiguous faces would elicit a higher degree of uncertainty. Correct 
answers were rewarded. Higher intolerance of uncertainty correlated with higher bilateral 
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insula activation during this task. The researchers suggested that this corroborated reports 
of higher insular activity in individuals with more anxiety (125).  
 Stern et al. expanded the decision-making process, providing twenty subjects with 
four pieces of evidence sequentially to make a decision. They were informed of two card 
decks with given color probabilities and asked to indicate which deck was being drawn 
from as four cards were presented. As more information was presented, or as more cards 
were drawn, the likelihood that the cards were from a given deck were better known (less 
uncertain). Decision making accuracy was valued based on a point system. Over the 
course of each four-card trial, subjectively reported feelings of certainty increased and 
subjectively reported feelings of uncertainty decreased. fMRI data revealed ACC, 
precuneus, and left postcentral gyrus increases in activity with greater uncertainty. The 
researchers place their findings in the context of a theory of the role of ACC in 
responding to unexpected or unpredicted outcomes (independent of error or conflict). The 
authors also observed orbitofrontal cortex, superior and medial frontal gyri, and 
frontoparietal cortical activity only in the context of the final decision associated with 
risk or reward. They suggest that these regions are therefore implicated in response to 
incentive as opposed to uncertainty. Finally, their analysis on ventromedial PFC activity 
found correlation with confidence - greater activity was associated with less confidence. 
This was proposed to correspond with previous theories on this regions involvement with 
arousal, emotion, and risk (126). 
 Further work on information gathering used a similar task with eight pieces of 
information rather than four, and bottles of balls instead of decks of cards. Decision 
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making strongly activated the posterior cingulate cortex, precuneus, superior frontal 
cortex, anterior cingulate cortex, and left superior and left inferior frontal cortex. It was 
found that individuals with a higher tolerance to uncertainty activated networks involving 
the superior medial frontal cortex, insula, and precuneus (127). 
 A completely different paradigm used prediction cues to evaluate processing of 
uncertainty. Thirty females were asked to view aversive and neutral stimuli, with either 
an aversive, safety, or uncertain cue preceding each presentation. Aversive cues always 
predicted aversive stimuli, safety cues always predicted neutral stimuli, while the 
uncertain cues could precede either. Thus the uncertain cues elicit the greatest sense of 
uncertainty. Intolerance of Uncertainty Scale provided objective measures of IU for each 
subject. These scores were positively correlated with amygdala activity, which may be 
interpreted as an elicited response to attend to potential threat. The researchers found a 
reduction in PFC and ACC activation in subjects with greater intolerance of uncertainty. 
Processing of uncertainty was associated with activation of the posterior frontomedian 
cortex, dorsolateral PFC, and ACC (128).  
 Pushkarskaya et al. delved into differentiating ambiguity aversion and conflict 
aversion in a study on forty-two subjects playing a series of lotteries to guess the type of 
card drawn from a deck of 100. Refusal to play resulted in $3 reward per trial, whereas a 
$10 reward would be given for each correct guess and no reward for incorrect guesses. 
They created risk, ambiguity, and conflict conditions using these cards. Their fMRI data 
indicated higher activation in the ventromedial PFC with lower levels of ambiguity, 
whereas higher activation in the left ventral striatum with higher levels of conflict. This 
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suggests separate circuitry for brain processing of ambiguity and processing of conflict 
(129).  
 Gorka et al. recently evaluated uncertainty in reward rather than incentivized 
accuracy in uncertain decision-making. They found that higher intolerance of uncertainty 
in their subjects correlated with higher anterior insula activity during uncertain reward as 
opposed to consistent reward. They place this finding in the context of a view that 
individuals with high IU develop maladaptive responses to uncertainty, regardless of the 
potential outcome in a given situation, suggesting that increased insular reactivity may be 
a maladaptive response and impair anticipatory processes (130). Further work done by 
this group studied adults with impulsive-aggressive traits. Greater levels of IU were 
correlated with greater trait aggression and decreased activation of the ventrolateral PFC. 
Their findings further suggest that intolerance of uncertainty is associated with deficits in 
engaging regulatory neural processes (131).  
  
Table 4. Summary of regions of the brain associated with uncertainty and 
intolerance of uncertainty.  
 
 Increased Activity Reduced activity 
Uncertainty ACC (122,123,126–128) 
PFC (123,126,128,129,131) 
Precuneus (127) 
 
Intolerance of Uncertainty Insula (125,127,130) 
 
PFC (128,131) 
ACC (128) 
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 Studies on fMRI neural correlates to processing of uncertainty and intolerance of 
uncertainty provides a much narrower set of regions of interest compared to those of 
ASD. There is also corroboration across dispositions: brain regions demonstrating 
increased activity during tolerance of uncertainty are the same as those demonstrating 
reduced activity in individuals who are not tolerant of uncertainty. According to studies 
on generalized anxiety, activity in the vmPFC is likely to inhibit activity of the insula, 
which is overactive in anxious individuals (132). This may be an important mechanism in 
IU as well, as like in generalized anxiety, intolerance of uncertainty is also associated 
with decreased PFC activity and increased insular activity.  
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UNCERTAINTY AND ASD 
 The role of intolerance of uncertainty has primarily been investigated in 
generalized anxiety disorder and obsessive-compulsive disorder, but several studies have 
begun to examine its potential implications in ASD. For the most part, these studies have 
looked at how individuals with ASD who experience anxiety may have this symptom 
modulated through an IU framework. Boulter et al. looked at self-reports of parents and 
children with ASD, finding consistent IU and anxiety relationships in the studied ASD 
cohort (133). This theoretical presentation was further supported by structured interviews 
and focus group discussions about IU with ASD subjects and parents (31,134). To the 
best of the present author’s knowledge, no rigorous task-based or neuroimaging studies 
on the relation between IU and ASD have been conducted at present.  Based on the 
findings presented in this paper, however, such studies could generate key insights into 
mechanisms and theoretical considerations of ASD.  
 
Neural Correlate Underpinnings Shared in IU and ASD 
Returning now to the proposal that restricted and repetitive behaviors may be 
interpreted as an intolerance for uncertainty, Tables 2 and 4 of this paper provide a 
snapshot of how studies into neural correlates of ASD and uncertainty corroborate the 
framework of IU. In the discussion of task-based brain activity, it was mentioned that 
patterns of RRB have been operationally examined through tests of executive function 
and inhibition. During these tasks, subjects with ASD repeatedly demonstrated 
hypoactivity in the ACC and mPFC across studies. These are two regions implicated in 
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intolerance of uncertainty studies in healthy participants. Furthermore, functional 
connectivity studies during executive function tasks showed decreased synchronicity 
between the ACC and insula, giving a potential disrupted circuit in ASD populations that 
corroborates propensity for intolerance of uncertainty related to RRBs and matches the 
increased ACC connectivity seen in normal processing of uncertainty.  
Moving forward, several groups of researchers have suggested that ASD as a 
whole, i.e. not simply the RRB pole, can be conceptualized in the context of IU. Gomot 
and Wicker proposed that an abnormal processing of unpredictable events in the ASD 
brain can create not only an insistence on sameness, but difficulties in perception and 
adaptation to social interaction (30). This view was supported by findings that IU 
predicted abnormal sensory processing in subjects with ASD (33,135). Insistence on 
certainty and aversion toward uncertainty in ASD brains could therefore not only affect 
RRBs but underlie a multitude spectrum of behavioral symptoms.  
This paper suggests that evidence from resting state fMRI data of ASD 
populations may be interpreted to support the theory that altered patterns of under and 
overconnected neural circuitry found in ASD brains may underlie an intolerance to 
uncertainty as it pertains to a variety of behavioral ASD manifestations. Findings from 
multiple studies on ASD neural correlates report hypoconnectivity of the ACC, 
precuneus, and PFC. Their lack of synchronicity with other regions in the brain suggests 
that their elicited responses may be lowered, or that the responses they normally elicit are 
lowered. It so happens that the ACC, precuneus, and PFC regions are also implicated as 
areas of the brain recruited during processing of uncertainty, with greater activation 
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during greater uncertainty. It thus bears potential consideration that networks involving 
these regions in the ASD brain are less prepared to elicit responses to uncertainty by 
default, in addition to being underactive during the response.  
As discussed previously, the altered resting state functional connectivity patterns 
seen in ASD likely includes both hypo- and hyperactivity. This is also the case seen in 
studies on fMRI activity in uncertainty/IU. Insular hyperactivity has repeatedly been 
shown to correlate with intolerance to uncertainty and generalized anxiety. In ASD fMRI 
investigations, several groups found hyperconnectivity of the PCC, right temporal lobe, 
right parahippocampal gyrus, STG, and notably, the insula. This suggests that 
hyperactivity and hyperconnectivity may also be associated with the ASD brain being 
more intolerant of uncertainty in its default state, without operating on specific goals or 
tasks. This is given more feasibility in the context that usual PFC and ACC activation 
inhibits insular activation. If the ASD brain demonstrates hyperconnectivity of the insula, 
its ability to inhibit insular activity and process uncertainty may be disrupted.   
It seems that these brain patterns can also be described in relation to ASD 
behavioral symptoms. For example, insofar as restricted and repetitive behaviors are an 
expressed adherence to predictable, expected events, it is possible that these RRBs work 
in opposition to a default state of hyperconnectivity and/or to a default state of 
intolerance of uncertainty. It is also possible that additional social deficits seen in 
individuals with ASD are related to aforementioned hypoconnectivity and hypoactivity. 
As certain regions of the brain are consistently recruited in control subjects, a reduced 
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connectivity and activity in those same regions may result in reduced processing of 
uncertainty that results in perceptual and cognitive problems.  
It would be difficult to conclude that the fMRI activity and relationships that have 
been presented are causal. Further, these correlations do not provide mechanisms for the 
altered brain profiles. Whether ASD causes these changes or whether these aberrant 
connectivity and activity patterns cause ASD is unclear. It is also unclear which specific 
regions are affecting downstream regions in these neural networks. Another significant 
limitation of this proposed ASD and IU overlap stems in sex differences in subject 
populations studied in the respective fields. Several of the studies on uncertainty in 
decision making and intolerance of uncertainty were conducted on all female or mostly 
female cohorts. In comparison, many of the ASD studies examined all male or mostly 
male subjects. This must be considered in future research. 
However, the author believes these shared regions of over/under activity and 
connectivity between ASD and uncertainty warrant attention. The evidence for some 
congruency in neural correlates for ASD and intolerance of uncertainty may support the 
use of intolerance of uncertainty as an overarching theoretical framework for 
understanding ASD. Finally, as a pilot program developed to help children with ASD 
cope with IU resulted in better outcomes as reported by IUS from both parent and child, 
this framework may also have important future clinical bearings that contribute to the 
goals of refining ASD understanding and treatment (31).   
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CONCLUSIONS AND FUTURE DIRECTIONS 
 
 In this paper, several regions of interest have been discussed that demonstrate 
abnormal patterns in brains of individuals with ASD compared to brains of individuals 
without ASD as seen through fMRI data.  
While performing specific tasks related to the social and cognitive impairments 
seen behaviorally in individuals with ASD, differences are seen in brain activity. These 
differences are task dependent. In face processing, there is hyperactivity of the inferior 
frontal gyrus, prefrontal cortex, amygdala, anterior cingulate cortex, and insula with 
hypoactivity of the inferior and superior temporal gyri. In language processing, ASD 
populations demonstrate hypoactivity in the superior temporal sulcus and prefrontal 
cortex, and hyperactivity in the right inferior frontal gyrus and right superior temporal 
gyrus. In executive function and inhibition tasks, there is marked hypoactivity in the 
anterior cingulate cortex and medial prefrontal cortex, with hyperactivity of the motor 
cortex. A circuits-based approach examining differences in functional connectivity during 
tasks reveals different patterns of increased and decreased connectivity in different areas 
depending on task.  
To develop neural correlates that are task-independent and more easily 
measurable, resting state functional connectivity research provided further altered brain 
profiles for individuals with ASD. Although it was initially proposed that there is overall 
underconnectivity, the current research suggests there is both under and overconnectivity 
in a wide range of regions in the ASD brain that deviate from normal. Some notable areas 
include the anterior cingulate cortex, posterior cingulate cortex, prefrontal cortex, insula, 
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precuneus, superior temporal gyrus, postcentral gyrus, lateral occipital cortex, 
parahippocampal gyrus, striatum, and superior frontal gyrus. Research into the use of 
fMRI functional connectivity profiles in resting state to develop neuroimaging 
biomarkers to distinguish ASD brains from normally developed brains is ongoing, and no 
clearly reliable marker has yet been revealed. A significant challenge in creating 
representational neural correlates for ASD continues to be in subjects studied and lack of 
consideration for sex as a biological variable influencing the neural patterns. Existing 
sampled data features high-functioning adolescent or adult males at a far greater rate than 
overall observed in ASD. For greater representation of the general ASD population, 
additional fMRI data is needed for children, females, and subjects that may experience 
more severe social and cognitive impairments. Some research has progressed in 
examining use of fMRI profiles in ASD toward improving prognosis and refining 
treatment. The predictive value of neural correlates as tools to understand ASD for each 
individual may provide better personalization for ASD therapies, but this research 
remains in its beginning stages.  
Studies into neural correlates of uncertainty have produced a narrower range of 
regions of interest. Processing of uncertainty includes increased activation in the 
prefrontal cortex, anterior cingulate cortex, and precuneus. An intolerance of uncertainty 
is associated with increased activity in the insula, while decreased activity is seen in the 
ACC and PFC. However, studies in uncertainty are also limited in their 
representativeness, often examining predominantly female and adolescent or adult 
populations.  
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Finally, according to the literature on neural correlates found using fMRI, there 
are multiple shared regions of altered brain activity between ASD and uncertainty 
processing. This would be an interesting area of study for future research, especially to 
explore the advantages and disadvantages of using intolerance of uncertainty as a 
conceptual framework for understanding ASD. One of the first steps may be to use fMRI 
to examine ASD brain responses during a decision-making task that involves uncertainty.  
Ultimately, the goal of continued investigation into neural correlates of ASD, 
uncertainty, and intolerance of uncertainty in ASD populations is to improve our 
understanding of the neural mechanisms underlying ASD and identify potential means to 
improve diagnosis and treatment.  
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